The Arabidopsis gene OSD1 (Omission of the Second Division) and its homolog UVI4 (UV-B-Insensitive 4) are negative regulators of anaphase-promoting complex/cyclosome (APC/C), a multisubunit ubiquitin E3 ligase that regulates the progression of cell cycles. Here we report the isolation of an activation tagging allele of OSD1 as an enhancer of a mutant of BON1 (BONZAI1), a negative regulator of plant immunity. Overexpression of OSD1 and UVI4 each leads to enhanced immunity to a bacterial pathogen, which is associated with increased expression of disease resistance (R) genes similar to the animal NOD1 receptor-like immune receptor genes. In addition, the reduction of function of one subunit of the APC complex APC10 exhibited a similar phenotype to that of overexpression of OSD1 or UVI4, indicating that altered APC function induces immune responses. Enhanced immune response induced by OSD1 overexpression is dependent on CYCB1;1, which is a degradation target of APC/C. It is also associated with up-regulation of R genes and is dependent on the R gene SNC1 (Suppressor of npr1-1, constitutive 1). Taken together, our findings reveal an unexpected link between cell cycle progression and plant immunity, suggesting that cell cycle misregulation could have an impact on expression of genes, including R genes, in plant immunity.
The Arabidopsis gene OSD1 (Omission of the Second Division) and its homolog UVI4 (UV-B-Insensitive 4) are negative regulators of anaphase-promoting complex/cyclosome (APC/C), a multisubunit ubiquitin E3 ligase that regulates the progression of cell cycles. Here we report the isolation of an activation tagging allele of OSD1 as an enhancer of a mutant of BON1 (BONZAI1), a negative regulator of plant immunity. Overexpression of OSD1 and UVI4 each leads to enhanced immunity to a bacterial pathogen, which is associated with increased expression of disease resistance (R) genes similar to the animal NOD1 receptor-like immune receptor genes. In addition, the reduction of function of one subunit of the APC complex APC10 exhibited a similar phenotype to that of overexpression of OSD1 or UVI4, indicating that altered APC function induces immune responses. Enhanced immune response induced by OSD1 overexpression is dependent on CYCB1;1, which is a degradation target of APC/C. It is also associated with up-regulation of R genes and is dependent on the R gene SNC1 (Suppressor of npr1-1, constitutive 1). Taken together, our findings reveal an unexpected link between cell cycle progression and plant immunity, suggesting that cell cycle misregulation could have an impact on expression of genes, including R genes, in plant immunity. C ell divisions, including meiosis, mitosis, and endoreduplication, are essential for both vegetative and reproductive development in plants (1) . The anaphase-promoting complex/cyclosome (APC/ C) is an evolutionarily conserved E3 ubiquitin ligase critical for cell cycle progression by degrading cell cycle proteins (2, 3) . APC/C contains at least 11 different subunits (APC1-APC11), including the catalytic core subunits APC2 and APC11. It requires one of two proteins, cell division cycle 20/Fizzy (CDC20/FZY) or CDC20 homolog/Fizzy-related (CDH1/FZR), for activation and substrate specificity. Both CDC20 and CDH1 regulate progression of the mitotic cell cycle, and CDH1 also controls the onset and progression of endocycles. Arabidopsis has five CDC20 homologs (CDC20.1-CDC20.5), as well as three CDH1 homologs (CCS52A1/ FZR2, CCS52A2/FZR1, and CCS52B/FZR3). Both CCS52A1 and CCS52A2 reportedly regulate the onset of endoreduplication (4) (5) (6) (7) . APC/C activity is essential for cell cycle transition, and total loss of APC/C activity results in lethality. Knockdown of APC/C subunits in Arabidopsis, such as APC6, APC10, and APC13, by RNAi results in growth defects, including dwarf statue and multiple lateral shoots (8, 9) .
Two negative regulators of APC/C have been identified in Arabidopsis, the homologous genes OSD1 (Omission of the Second Division) and UVI4 (UV-B-Insensitive 4). OSD1 functions in both divisions of meiosis, and loss of its function leads to omission of the second meiotic division by itself, as well as omission of the first meiotic division hen combined with cycA1;2 (10, 11) . OSD1 is also involved in endoreduplication or endomitosis in cotyledons, and the loss-of-function (LoF) mutatation osd1 or gig1 (gigas cell 1) has gigantic cotyledon epidermal cells with higher ploidy (12) . UVI4 inhibits endoreduplication as well, and the LoF uvi4 mutant exhibits enhanced resistance to UV-B and increased ploidy in somatic tissues (13, 14) . A previous coimmunoprecipitation study identified an association of both OSD1 and UVI4 with the APC/C complex (15).
This association was further elucidated in two recent studies. In the yeast-two-hybrid system, UVI4 could directly interact with some core subunits of APC/C, such as APC5 (16) , whereas UVI4 and OSD1 could interact with APC/C activators CCS52A1, CCS52A2, CCS52B, CDC20.1, and CDC20.5 (12, 16, 17) . The physical interaction is corroborated by their genetic interaction. The ccs52A1 mutant acted epistatically to uvi4, whereas overexpression of CDC20.1 or CCS52B promoted endoreduplication/endomitosis in osd1/gig1 and uvi4 mutants (12, 16) . In addition, overexpression of APC10 suppressed endomitosis defects in osd1/gig1 (12) . Furthermore, overexpression of OSD1/GIG1 or UVI4 caused a transient increase in protein, but not RNA, levels of cyclins such as CYCB1;2 and CYCA2;3, demonstrating their function in regulating cell cycle genes at the protein level through APC/C.
Programmed cell death (PCD) is also a mechanism in controlling cell proliferation and fate (18) . On recognition of specific pathogens, plant disease resistance (R) genes are activated to trigger a form of PCD, termed hypersensitive response, to control the spread of biotrophic pathogens (19, 20) . Most of the R genes encode nucleotide-binding (NB) leucine-rich repeat (LRR) proteins similar to animal NOD-like immune receptors (21) . R gene activation also induces systemic acquired resistance at distal locations (22, 23) . The EDS1 (Enhanced Disease Susceptibility 1) and PAD4 (Phytoalexin-Deficient 4) genes, encoding lipase-like proteins, are critical for PCD and disease resistance mediated by many NB-LRR types of R genes (24) .
The Arabidopsis BON1 (BONZAI1) and its homologs BON2 and BON3 are negative regulators of cell death and disease resistance (25) (26) (27) . LoF allele bon1-1 in the Col-0 accession has a dwarf phenotype and constitutive defense responses owing to activation of a Col-0-specific NB-LRR type of R gene, SNC1 (Suppressor of npr1 constitutive 1) (25, 28, 29) . The LoF bon1-2 mutant in the Wassileskija (Ws) background has no obvious defects under normal growth conditions owing to the lack of SNC1 in this accession, but the triple mutant of bon1 bon2 bon3 in Ws is lethal, resulting from cell death triggered by activation of multiple R genes (27) . During the course of isolating enhancers of bon1-2, an effect of altered expression of OSD1 and UVI4 on defense response regulation was uncovered. Misregulation of APC/C triggers plant immune responses through up-regulation of expression of R genes including SNC1, which is dependent on the APC/C target protein CYCB1;1. These findings reveal an unexpected effect of APC/C activity on plant immunity, suggesting a cell cycle-dependent expression of immunity genes.
Results
Identification of ebo30 as an enhancer of bon1-2. To investigate the mechanisms underlying the repression of cell death and defense/ immune responses, we carried out a sensitized enhancer mutant screen of bon1-2 in the Ws accession through activation tagging (30) . One putative enhancer of bon1-2, ebo30, induced a dwarf and bushy phenotype with many lateral shoots in the bon1-2 background (Fig. 1A) . This mutation was dominant, and the homozygous bon1-2 ebo30 double mutant was lethal. We refer to heterozygous ebo30 mutant as ebo30 unless specified otherwise. The dwarf phenotype of bon1-2 ebo30 was dependent on bon1-2, and the single mutant of ebo30 appeared close to wild type (WT) except for an increase in lateral shoot numbers later in development (Fig. 1A) .
Unlike the bon1-2 or ebo30 single mutants in Ws, the bon1-2 ebo30 double mutant exhibited similar up-regulation of immune responses as seen in the bon1-1 mutant in Col-0. When challenged with virulent pathogen Pseudomonas syringae pv. tomato (Pst) DC3000, the ebo30 single mutant was as susceptible as the WT Ws, and the bon1-2 mutant exhibited only a slight increase, and in some cases no increase, in resistance to the pathogen (Fig. 1B) . In contrast, the bon1-2 ebo30 double mutant was much more resistant to Pst DC3000, supporting 10-fold less bacterial growth compared with WT (Fig. 1B) . In addition, PR1, a marker gene for salicylic acid-mediated defense responses, was up-regulated in the bon1-2 ebo30 mutant (Fig. 1C) . Thus, ebo30 enhances both the morphological and defense response phenotypes of bon1-2.
The enhanced immune response in bon1-2 ebo30 is mediated by EDS1 and is associated with up-regulation of R-like genes and cell death. The bon1-2 ebo30 eds1 triple mutant appeared largely similar to WT (Fig. 1A) , indicating that the growth defect in bon1-2 ebo30 is related mainly to activation of defense responses. Because EDS1 mediates defense responses triggered by the NB-LRR type R genes, we assessed the expression of such genes by low-stringency hybridization, with the SNC1 gene as a probe based on the sequence similarity among these R genes. Compared with Ws, both the bon1-2 and the ebo30 single mutants demonstrated an increase in hybridization signals, and the bon1-2 ebo30 double mutant exhibited an even stronger signal (Fig. 1D) . The increased total expression of NB-LRR genes indicates a much stronger up-regulation of some R genes already induced in the single mutants or upregulation of more R genes in the double mutant. Consistent with the idea that R genes are up-regulated in the bon1-2 ebo30 mutant, the growth defect in the double mutant was suppressed by elevated temperature, which could often inhibit R-mediated disease resistance (31, 32) . At 28°C, the bon1-2 ebo30 mutant did not exhibit stunted growth, but instead appeared close to WT, resembling the ebo30 single mutant (Fig. S1A) .
Cloning of the EBO30 Gene. We cloned the EBO30 gene based on a tight linkage of the bon1-2 ebo30 phenotype with the T-DNA used in activation tagging (Fig. 1E ). The T-DNA was located within the At3g57870 gene encoding SUMO-conjugation enzyme 1, which is essential for embryogenesis (33) . The essential function of this gene accounts for the lethality of the homozygous ebo30 mutants, but does not readily explain the defense response phenotype of the bon1-2 ebo30 mutant. Because activation tagging may cause overexpression of genes close to the T-DNA, we analyzed RNA expression levels of genes within 10 kb on both sides of the insertion site by RNA blotting and found an increase in At3g57860 expression in ebo30 compared with WT ( Fig. 1F) . We confirmed that overexpression of At3g57860 is the cause of the bon1-2 ebo30 phenotype. An RNAi construct designed to reduce the expression of At3g57860 was transformed into the bon1-2 ebo30 mutant, and 25 lines out of a total of 32 transgenic lines demonstrated a rescued phenotype, with the stronger suppression correlated with lower expression of At3g57860 (Fig. S1B) . Furthermore, overexpression of the At3g57860 gene tagged by GFP caused a dwarf phenotype in transgenic lines, and this phenotype was more severe in the bon1-2 background than in the WT Ws background (Fig. S1C) . Thus, high expression of At3g57860 enhances the bon1-2 mutant phenotype, and ebo30 is an overexpression allele of the At3g57860 gene that was later reported as OSD1 and GIG1. Thereafter, we renamed ebo30 as osd1-4 (Table S1 ).
Overexpression of OSD1 or Its Homolog UVI4 Confers Growth Defects and Enhances Defense Responses. The UVI4 gene is a close homolog of OSD1 in Arabidopsis, and the encoded proteins of the two genes share 61% identity and 68% similarity (13) . This prompted us to ask whether overexpression of UVI4 could enhance disease resistance similar to overexpression of OSD1. The OSD1 and UVI4 genes tagged by GFP were expressed under control of the strong 35S promoter in WT Col-0 plants. Similar to transgenic lines in Ws, 32 of the 34 p35S::GFP:OSD1 transgenic lines (termed OSD1-OE, for overexpression Table S1 ) in Col-0 were dwarf, with watersoaked leaves and multiple lateral shoots ( Fig. 2A) . All (more than 20) of the p35S::GFP:UVI4 transgenic lines (termed UVI4-OE) in Col-0 showed similar morphological phenotypes to the OSD1-OE lines ( Fig. 2A) . The OSD1-OE plants exhibited a more severe phenotype than osd1-4, likely related to greater expression of OSD1 in OSD1-OE than in osd1-4 or bon1-2 osd1-4 (Fig. S1D) . Both the UVI4-OE and OSD1-OE plants exhibited enhanced disease resistance to the virulent bacterial pathogen Pst DC3000 even under growth conditions where their growth defects were mild (Fig. 2B) . Proliferation of the pathogen was 100-fold less in OSD1- OE and 10-fold less in UVI4-OE compared with WT Col-0. In addition, the defense marker gene PR1 was expressed at a much higher level in the UVI4-OE and OSD1-OE lines compared with WT (Fig. 2C) .
The growth phenotypes of UVI4-OE and OSD1-OE are largely dependent on PAD4. All of the 15 transgenic lines of OSD1-OE generated in pad4 showed WT morphologies, in contrast to the lines generated in WT Col-0 (Fig. 2D ). All four UVI4-OE transgenic lines generated in pad4 produced WT-appearing leaves rather than the small compact leaves produced in WT Col-0 or a pad4 heterozygous background, albeit also with overproliferation of lateral shoots (Fig. 2E) . UVI4 expression in UVI4-OE lines was comparable in Col-0 and pad4, indicating that weaker growth defect in pad4 is not related to lower expression of UVI4 (Fig.  S2A) . Similarly, OSD1 expression in osd1-4 was the same in the eds1 background as in the EDS1 WT background (Fig. S2B ). In addition, the growth defects seen in OSD1-OE and UVI4-OE lines at 22°C were largely and partially suppressed, respectively, at 28°C (Fig. 2F) . Thus, overexpression of UVI4, similar to overexpression of OSD1, confers constitutive defense responses mediated by PAD4.
Overexpression of OSD1 or UVI4 induces increased accumulation of reactive oxygen species and cell death, which are often associated with defense responses. Both the OSD1-OE lines and the UVI4-OE lines had higher hydrogen peroxide levels than WT, indicated by darker staining with 3,3′-diaminobenzidine (Fig.  S1E ). The greater accumulation of H 2 O 2 in UVI4-OE and bon1-2 osd1-4 was abolished by pad4 and eds1, respectively (Fig. S2) . (Fig. S1F) .
OSD1 expression is lower than UVI4 expression in vegetative tissues, as revealed by promoter reporter gene analysis and RNA transcript analysis on leaves at different stages of development ( Fig. S3 A and B) . UVI4 was slightly induced on infection of the virulent pathogen Pst DC3000 as assayed in transgenic plants containing the reporter gene β-glucuronidase (GUS) under control of the UVI4 promoter (pUVI4::GUS) (Fig. S3C) . No GUS activity was detected in pOSD1::GUS lines (Fig. S3D) , indicating low expression of OSD1 that likely is not affected by this pathogen.
Given that overexpression of these two genes confers enhanced defense responses, we tested whether loss of their gene functions affects plant immunity. Diploid homozygous LoF mutants osd1-2 C were generated by six consecutive crossings of osd1-2 heterozygous mutants from Ler-0 into Col-0 (Table S1 ). To our surprise, the osd1-2 C plants were more resistant to Pst DC3000 compared with the diploid WT Col-0 plants. Interestingly, the uvi4 plants also showed enhanced resistance to Pst DC3000 in three of our five tests, but did not differ significantly from WT in the other two tests (Fig. 3 A and B) . Thus, the uvi4 LoF mutant may have a slight upregulation of defense responses that sometimes reach the threshold for conferring measurable enhanced resistance. This idea is supported by the greater accumulation of PR1 in the uvi4 mutant compared with WT (Fig. 2C) . Suppression of the compact rosette phenotype of uvi4 mutant by a higher growth temperature also suggests up-regulation of the immune response in uvi4 (Fig. S3E) . Thus, it appears that higher or lower expression of OSD1 or UVI4 each triggers increased defense responses, although the effect of overexpression is more drastic.
Misregulation of APC/C Activity Results in Enhanced Defense
Responses. Because OSD1 and UVI4 have been identified as interacting proteins of some APC/C components (15), we tested their interaction with the APC subunits and the APC activators. We found that both UVI4 and OSD1 interacted with CCS52A1 and CCS52B, as reported recently (12) . Although not previously identified as a positive interactor with OSD1 or UVI4, APC8 showed weak interaction with UVI4 and OSD1 in the yeast twohybrid assay (Fig. 4A) . To examine whether the effect of OSD1 and UVI4 on plant immunity is mediated by APC/C components, we analyzed disease resistance in APC/C mutants and CSS52 mutants. Because most of the components of APC/C are essential, we analyzed the reduction of function mutants of APC10, APC8, and Growth of Pst DC3000 in uvi4 at day 0 and day 3 after the inoculation. In this test, uvi4 was significantly more resistant to pathogen compared with WT. The asterisk indicates a statistically significant difference from Col-0 determined by the Student t test (P < 0.05).
APC13. The APC10 RNAi lines had a dwarf phenotype (8) (Fig.  4B) . A weak allele of APC8, apc8-1, exhibited slight growth defects after the floral transition, and a weak allele of APC13, apc13-2, showed a normal growth phenotype under our growth conditions, although reportedly with more compact inflorescence than WT (34) (Fig. S4A ). Among these three mutants, the APC10 RNAi line supported 10-fold less bacterial growth than WT at 3 d after inoculation (Fig. 4C) , whereas apc8-1 and apc13-2 exhibited a defense phenotype similar to the WT Col-0 plants (Fig. S4B) . The ccs52a1-1 and ccs52b-1 mutants are LoF alleles of CCS52A1 and CCS52B genes, respectively. The ccs52a1-1 mutant has reduced endoreduplication (6), but no obvious growth defects were observed in either ccs52a1-1 or ccs52b-1. Whereas ccs52b-1 behaved like WT in response to Pst DC3000, ccs52a1-1 had fivefold greater bacterial growth than WT (Fig. 4D) . Therefore, perturbation of APC/C or APC/C activators can affect disease resistance.
LoF Mutation of CYCB1;1 Largely Suppresses osd1-4 C Phenotypes.
Because CYCB1;1 is a target of APC/C (34), and overexpression of OSD1 results in high accumulation of CYCB1;1 protein (35), we asked whether the defense response phenotype is related to overaccumulation of CYCB1;1. To avoid complications related to different accession backgrounds in double-mutant analysis, we generated an osd1-4 C mutant by introgressing the activation-tagged allele osd1-4 in Ws into Col-0 (Table S1 ). This osd1-4 C mutant is more stable that the OSD1-OE lines and is in the Col-0 background, in which most of mutants used in this study reside. Unlike osd1-4 in Ws with a WT-like appearance, the osd1-4 C mutant in Col-0 was dwarf and had multiple lateral shoots. These phenotypes were similar to bon1-2 osd1-4 in Ws, but were less severe than OSD1-OE in Col-0.
We also isolated a cycb1;1 LoF mutant in which a T-DNA insertion in the intron results in absence of a full-length transcript of CYCB1;1 (Fig. 5A) . This mutant had no obvious growth defects compared with WT Col-0 (Fig. 5B) . When this cycb1;1 mutation was introduced into osd1-4 C , the morphological defects of osd1-4 C were largely suppressed (Fig. 5B) . Similarly, defense response phenotypes exhibited by osd1-4 C were also suppressed by the cycb1;1 mutation (Fig. 5C ). The suppression of osd1-4 C phenotypes is not likely related to cosuppression induced by two T-DNA insertions, given the similar OSD1 expression in the double and single osd1-4 C mutants (Fig. 5A) . Thus, overaccumulation of CYCB1;1 is probably responsible for the growth and immune phenotypes induced by perturbation of APC/ C activities.
Elevated OSD1 Expression Increases Transcript Levels of R Genes to
Confer Enhanced Defense Responses. The enhanced disease resistance induced by overexpression of OSD1 or UVI4 is likely mediated by R genes, as indicated by its dependence on EDS1, PAD4, and temperature. R-like genes were also more highly expressed in OSD1 activation tagging line osd1-4 (ebo30) through low-stringency hybridization on RNA blots (Fig. 1D ). To provide a more comprehensive analysis of the effects of OSD1 overexpression, we analyzed transcriptional profiles of Ws, bon1-2, osd1-4, and bon1-2 osd1-4 (all in Ws) by RNA-Seq technology (36) . We then further analyzed differentially expressed gene lists using Mapman software (http://mapman.gabipd.org). In bon1-2, 418 genes showed altered transcription compared with Ws, 135 of which are associated with biotic stress (Fig. S5A) . In osd1-4, 457 genes were differentially expressed compared with Ws, 121 of which are involved in biotic stress (Fig. S5B) . In bon1-2 osd1-4, the number of genes with altered transcription increased to 1,045, 305 of which are related to biotic stress (Fig.  S5C) . Two R genes and two PR genes were significantly induced in osd1-4. three R genes and three PR genes were significantly induced in bon1-2, and five R genes and four PR genes were significantly induced in bon1-2 osd1-4 (Table S2 ). These findings indicate that osd1-4 weakly and bon1-2 moderately up-regulates R genes and immune responses, and that compared with single mutations, the double mutations synergistically up-regulate more R genes at higher amplitudes and induce stronger immune responses. C compared with Col-0; this increase was largely abolished by the LoF mutation of cycb1;1 (Fig. 5D) . Introduction of the LoF mutation snc1-11 into osd1-4 C largely suppressed the small leaf phenotypes of osd1-4 C , although the double mutant still exhibited a multiple-shoot phenotype like the osd1-4 C (Fig. 6A ). In addition, the osd1-4 C snc1-11 mutant was no longer more resistant to the virulent pathogen Pst DC3000 compared with WT or snc1-11 (Fig. 6B) . Again, this suppression was not related to silencing of OSD1 expression (Fig.  S6A) , and the snc1-11 mutation abolished expression of fulllength SNC1 transcript (Fig. S6B) . Thus, the enhanced immune response in osd1-4 C is related largely to an increase in SNC1 transcript.
Greater SNC1 transcript was seen not only in osd1-4 C , but also in apc8-1 and apc13-2. Both apc8-1 and apc13-2 mutants had ∼1.5-fold greater SNC1 expression compared with WT Col-0, but this increase was lower than that seen in osd1-4 C (Fig. 5D  and Fig. S4C ). The small increase of SNC1 in apc8-1 or apc13-2 likely was not sufficient to increase disease resistance or cause growth defects, given that the snc1-11 mutation did not significantly affect the growth defects of apc8-1 or apc13-2 (Fig. S4A) . This suggests that SNC1 up-regulation is likely common in plants with perturbed APC/C, although a threshold must be reached before a measurable increase in disease resistance is seen.
Discussion
In the course of investigating the regulation of plant disease resistance, we uncovered an intriguing link between cell cycle regulation and defense response regulation. OSD1 and UVI4 are negative regulators of APC/C, which is responsible for degrading cell cycle proteins (12, 16) . The loss of OSD1 or UVI4 function leads to various defects in cell cycle progression, including omission of meiosis divisions, increased endoreduplication, and possibly increased endomitosis (10) (11) (12) (13) 16 ) Surprisingly, overexpression of either OSD1 or UVI4 leads to spontaneous cell death and enhanced disease resistance to a virulent bacterial pathogen (Fig. 2B ). This effect occurs through misregulation of APC/C, as demonstrated by our finding that reduced function of APC/C subunit APC10 enhanced, and an LoF mutant of APC/C activator CCS52A1 compromised, plant defense responses to bacterial pathogens (Fig. 4 C  and D) . Furthermore, the enhanced disease resistance in the OSD1-OE mutant is dependent on CYCB1;1, a target of APC/C for degredation (Fig. 5C ). Taken together, these findings indicate that OSD1/UVI4 overexpression down-regulates APC/C activity and results in overaccumulation of CYCB1;1, leading to enhanced defense responses to bacterial pathogens. Intriguingly, the loss of OSD1 or UVI4 function also enhanced disease resistance, although to a significantly lower extent (Fig. 3 A and B) . There is no apparent evidence for a direct role of OSD1 or UVI4 in regulating immunity against pathogens; however, a perturbation of cell cycle progression by alteration of OSD1 and UVI4 activities clearly can affect plant immune responses.
The defense phenotypes in OSD1 or UVI4 overexpression are not related to general dwarfism and/or nonspecific stress, given that they can be largely suppressed by the loss of PAD4 or EDS1, whose major function is to transduce R-mediated resistance (Figs. 1A and 2 C and D). This finding is corroborated by our transcriptional profile results identifying biotic response as the major pathway affected by OSD1 overexpression (Fig. S5B) . Several R genes were up-regulated in the OSD1 overexpression mutant, and knocking out of one of them, SNC1, abolished the disease resistance phenotype (Fig. 6 A and B) . We propose that misregulated cell cycle progression-e.g., by CYCB1;1 overaccumulation-affect gene expression patterns.
Earlier cell cycle studies using synchronized suspension cells revealed that different cell cycle phases are associated with slightly different gene expression patterns (37) , and several R genes exhibit peak expression at S or M phases. This differential expression could have physiological consequences. Cells at different cell cycle phases exhibit different responses to elicitors, and defense gene induction by elicitors is cell cycle-dependent (38) . SNC1 was not among the differential R genes identified, presumably because of its low expression level or smaller fluctuation. Nevertheless, we observed an up-regulation of SNC1 in the osd1-4 C mutant that exhibited enhanced disease resistance, as well as in weak mutant alleles of APC8 and APC13 that showed no apparent changes in disease resistance. This finding indicates that up-regulation of SNC1 is the cause, rather than the consequence, of disease resistance. In addition, the SNC1 transcript needs to be above a threshold to induce a measurable disease-resistance phenotype. Given that most of the APC/C null mutants are lethal, the partial LoF mutants may have varying degrees of disease resistance, depending on the severity of cell cycle perturbation. How cell cycle phases relate to varying expression of genes is not clear. Cell cycle progression is tied not only to DNA dynamics, but also to chromatin dynamics (39) , and thus could have a profound effect on gene expression. Further investigation should uncover general gene regulation during cell cycle phases and the interaction between plants and their pathogens.
Materials and Methods
Plant Materials, Growth, Transformation, and Pathogen Tests. The ccs52a1-1 (fzr2-1) mutant was Salk_083656, the ccs52b-1 mutant was CS854666, and the cycb1;1 mutant was CS318535 (Arabidopsis Biological Resource Center). Plant growth, transformation, and pathogen tests were carried out as described previously (28, 32, 40) . Unless specified otherwise, plants were analyzed for growth phenotypes under constant light conditions and for Growth of Pst DC3000 in the above genotypes. The asterisk indicates a statistically significant difference from Col-0 determined by the Student t test (P < 0.05).
pathogen growth tests under 12-h light/dark conditions, in which growth defects in many mutants were reduced.
Plasmid Construction. The coding region of the OSD1 cDNA was amplified from pUNI51-At3g57860 (Arabidopsis Biological Research Center) and was cloned first into the pSAT6-EGFP-C1 vector and then into the binary vector pPZP-RCS2 (41) . For the promoter reporter constructs pOSD1::GUS and pUVI4::GUS, a 1.5-kb sequence upstream from the OSD1 translation start site and a 1.7-kb sequence 5′ to the 19th nucleotide from the translation start site of UVI4 were cloned into pGUS2 and pGUS1 vectors (25), respectively. For the yeast twohybrid analysis, cDNAs of genes of interest were cloned into pDEST-GADT7 and pDEST-GBKT7, and assays were performed as described previously (42) .
RNA Blot Analyses. RNA blot analyses were carried out as described previously (28) . For PR1 and OSD1 probes, the full-length sequences of the coding regions were used as probes. For low-stringency hybridization, an 8-kb genomic fragment of the SNC1 gene was used as a probe.
RNA-Seq Analysis. Preparation of the cDNA library and RNA-Seq were performed as described previously (36) . MapMan software was used to analyze differentially expressed gene-associated signaling pathways.
qRT-PCR. qRT-PCR was performed using FastStart universal SYBR Green Master Mix (Roche), following the manufacturer's protocol. Primers for SNC1 and the reference gene ubiquitin family protein have been described previously (43, 44) .
